Three allelic mutants of Arabidopsis thalma which lack mitochondrial serine transhydroxymethylase activity due to a recessive nuclear mutation have been characterized. The mutants were shown to be deficient both in glycine decarboxylation and in the conversion of glycine to serine. Glycine accumulated as an end product of photosynthesis in the mutants, largely at the expense of serine, starch, and sucrose formation. The mutants photorespired CO2 at low rates in the light, but this evolution of photorespiratory CO2 was abolished by provision of exogenous NH3. Exogenous NH3 was required by the mutants for continued synthesis of glycine under photorespiratory conditions. These and related results with wild-type Arabidopsis suggested that glycine decarboxylation is the sole site of photorespiratory CO2 release in wild-type plants but that depletion of the amino donors required for glyoxylate amination may lead to CO2 release from direct decarboxylation of glyoxylate. Photosynthetic CO2 fixation was inhibited in the mutants under atmospheric conditions which promote photorespiration but could be partialiy restored by exogenous NH3. The magnitude of the NH3 stimulation of photosynthesis indicated that the increase was due to the suppression of glyoxylate decarboxylation. The normal growth of the mutants under nonphotorespiratory atmospheric conditions indicates that mitochondrial serine transhydroxymethylase is not required in C3 plants for any function unrelated to photorespiration. (3, 12, 18, 31) , by comparing the specific activity of photorespiratory CO2 to that of photorespiratory cycle intermediates (16), and by demonstrating, in the presence of chemical inhibitors, that the glycine to serine conversion is tightly coupled to photorespiratory CO2 evolution (11, 14, 15) . These experiments cannot unequivocally exclude the possibility that there are other sites of photorespiratory CO2 release (4). Inhibitor studies are also plagued by nonspecific effects which preclude an appraisal of the long-term physiological effects of blocking the decarboxylation reaction.
required by the mutants for continued synthesis of glycine under photorespiratory conditions. These and related results with wild-type Arabidopsis suggested that glycine decarboxylation is the sole site of photorespiratory CO2 release in wild-type plants but that depletion of the amino donors required for glyoxylate amination may lead to CO2 release from direct decarboxylation of glyoxylate. Photosynthetic CO2 fixation was inhibited in the mutants under atmospheric conditions which promote photorespiration but could be partialiy restored by exogenous NH3. The magnitude of the NH3 stimulation of photosynthesis indicated that the increase was due to the suppression of glyoxylate decarboxylation. The normal growth of the mutants under nonphotorespiratory atmospheric conditions indicates that mitochondrial serine transhydroxymethylase is not required in C3 plants for any function unrelated to photorespiration. (3, 12, 18, 31) , by comparing the specific activity of photorespiratory CO2 to that of photorespiratory cycle intermediates (16) , and by demonstrating, in the presence of chemical inhibitors, that the glycine to serine conversion is tightly coupled to photorespiratory CO2 evolution (11, 14, 15) . These experiments cannot unequivocally exclude the possibility that there are other sites of photorespiratory CO2 release (4) . Inhibitor studies are also plagued by nonspecific effects which preclude an appraisal of the long-term physiological effects of blocking the decarboxylation reaction.
It has been suggested (4, 7, 8, 15, 34) that, under certain circumstances, glyoxylate, the immediate precursor of photorespiratory glycine, may undergo decarboxylation to produce CO2 and formate. This reaction has been demonstrated in vitro with isolated peroxisomes (7) , but evidence substantiating the occurrence of this reaction in vivo is totally lacking. Here, we provide evidence that, under normal physiological conditions, glycine decarboxylation is the sole site of photorespiratory CO2 release but that, under conditions of severe amino depletion, photorespiratory CO2 may arise from direct decarboxylation of glyoxylate.
This conclusion is based upon an analysis of mutants of Arabidopsis that lack mitochondrial serine transhydroxymethylase activity and are, therefore, defective in both glycine decarboxylation and the glycine to serine conversion. Photorespiratory CO2 is the product ofa complex mitochondrial reaction in which glycine is converted to stoichiometric amounts of C02, NH3, and the C1 group of N5,N'0-methylenetetrahydrofolate (10) (11) (12) . In those organisms where it has been possible to solubilize the enzymes involved in the decarboxylation reaction, an absolute requirement for THF4 has been demonstrated (13, 19 'Abbreviations: THF, tetrahydrofolic acid; C,-THF, N5,N'0-methylenetetrahydrofolic acid; RuBP, ribulose 1,5-bisphosphate.
MATERIALS AND METHODS
Plant Material and Growth Conditions. All lines of Arabidopsis thaliana (L.) Heynh. described here are descended from the Columbia wild-type (22) . The procedure for isolation of the mutant lines (CS42, CS64, CS 115) has been described (24) . Plants were grown under continuous fluorescent illumination (200,uE m-2 s-) at 22 C and 75% RH on a perlite:vermiculite:sphagnum (1:1:1) mixture irrigated with mineral nutrient solution (26, 27) . The atmosphere in the growth chamber was maintained at approximately 1% CO2 in air by continual flushing with a gas mixture of this composition.
Gas-exchange Measurements. Methods for gas-exchange measurements on intact plants have been described (24, 27 (29) with the following minor modification. Following completion of the Dimedone-formaldehyde reaction, 1 ml water (O C) was added. The suspension was centrifuged and the supernatant was discarded. The precipitate was suspended in 1 ml water and extracted with toluene as described (29) . This modification significatly reduced background counts which othersise might obscure low levels of activity. Tetrahydrofolate was obtained commercially or prepared by chemical reduction of folic acid (5) .
Crude extracts were prepared by grinding 200 mg leaf material in 4 reduced labeling of serine and a smaller reduction in labeling of the neutral and insoluble (starch) fractions. These results indicated that the mutants were unable to metabolize glycine to serine. The reduced labeling of the carbohydrate pools was similar to results obtained with serine-glyoxylate aminotransferase-deficient (sat) mutants in which serine was an end product of photorespiratory carbon flow (25) . In both cases, the reduced labeling of carbohydrate is attributed to the absence of recycling of photorespiratory carbon through the terminal steps of the photosynthetic carbon oxidation cycle to 3-phosphoglycerate. Accumulation of carbon in photosynthetic carbon oxidation cycle intermediates apparently reduces the amount of carbon in the Calvin cycle available for carbohydrate synthesis.
Biochemical Characterization. The synthesis of serine from glycine is catalyzed by the enzyme serine transhydroxymethylase.
Crude extracts of the mutants exhibited 15% of wild type levels of serine transhydroxymethylase activity but showed normal levels of the control mitochondrial enzyme fumarase (Table II) . Mixing of mutant and wild type extracts resulted in approximately additive levels of activity (Table II) , suggesting that the reduced activity in the mutants was not due to the presence of an inhibitor.
Several lines of evidence suggested that the mutants were totally deficient in mitochondrial serine transhydroxymethylase activity and that the 15% residual activity was due to a second, extrami-tochondrial enzyme. The glycine pool in the mutants was nearly static during a 20-min 2CO2 chase in the dark (Fig. IA) and actually increased during a 20-min 12CO2 chase in the light (Fig.  IB) . In contrast, labeled glycine turned over very quickly in the wild type under both conditions (Fig. 1) , as was previously observed in similar experiments with other C3 species (4, 16) . Assuming that the glycine remains accessible to the mitochondrion, these observations are inconsistent with the presence of significant amounts of serine transhydroxymethylase activity in the mitochondrion. The stability of the glycine pool also suggested that the glycine decarboxylation reaction was blocked because the glycine was not dissipated by decarboxylation to CO2.
Additional evidence that the mutants lack mitochondrial seritranshydroxymethylase activity was obtained by cell fractionation. Protoplast lysates were centrifuged on a 35 to 65% sucrose gradient to separate particulate enzyme activities (Fig. 2) . Because the chloroplasts were totally disrupted by this procedure, all of the RuBP carboxylase activity remained at the top of the gradient. In contrast to the chloroplast marker, a substantial amount of activity for the mitochondrial marker NAD-malate dehydrogenase entered the gradient in both wild type and mutant preparation. The particulate nature of the malate dehydrogenase activity probably reflects the fact that mitochondrial NAD-malate dehydrogenase is a matrix space enzyme and would be released only upon rupture of both mitochondrial membranes. Mitochondrial serine transhydroxymethylase has also been reported to be located in the matrix space (30) and the distribution of activity for this enzyme in wild-type lysates closely followed malate dehydrogenase activity ( Fig. 2A) . In contrast, lysates of the mutant CS64 lacked particulate seine transhydroxymethylase activity (Fig. 2B) , although they had amounts of particulate malate dehydrogenase activity comparable to that of the wild type. Although we were not able to ascertain the location of the residual seine transhydroxymethylase activity, it was clearly extramitochondrial. The existence of two isozymes of serine transhydroxymethylase in leaves has been suggested previously on the basis of cell-fractionation studies (10, 23, 30) and enzymological analysis (17) . Also, mutants of yeast have been described which lack mitochondrial serine transhydroxymethylase but contain a second, distinguishable enzyme which is controlled or specified by a separate gene (33 Gas-exchange Analysis. Although the mutants were unable to metabolize glycine, they exhibited a substantial rate of light and 02-dependent release of CO2 into a C02-free gas stream (Fig. 3) To test this possibility, gas exchange was measured on leaf fragments provided with exogenous NH3. The lower epidermis of the leaves was removed to facilitate the uniform uptake of NH3. Leaf fragments of the wild type released CO2 into a C02-free gas stream (50%o 02, 500 N2) in a typical response which was unaffected by the presence of 10 mm NH3 in the medium (Fig. 4B) . Leaf fragments of the mutant line CS64 released CO2 at about 50o of wild-type rates when placed on unsupplemented medium but did not show photorespiration when placed on 10 mm NH3 (Fig. 4A) . The low residual level of CO2 release was not affected by 02 concentration (results not presented) and was, therefore, probably unrelated to photorespiratory carbon metabolism. Compared to the wild type, both intact plants (results not presented) and detached leaves of the mutant exhibited a relatively large postillumination burst which was nearly eliminated by the provision of NH3 (Fig. 4) . Considered together, these results suggest that the mutants undergo amino depletion under continued photorespiratory conditions. The lack of response by wild-type leaves to exogenous NH3 indicated that, even under relatively severe photorespiratory conditions (CO2-free 50%1o 02), the rate of internal recycling of NH3 (9, 26) was sufficient to meet the demand for amide donors for glyoxylate amination.
Labeling of Leaf Fragments. The explanation given above for the gas-exchange data was substantiated by the patterns of product formation following '4CO2 incorporation by leaf fragments in the presence or absence of NH3. Before labeling, leaves were illuminated in a C02-free gas stream (50%o 02, 50%1o N2) for 40 min to permit glycine accumulation. The results of this experiment (Table  III) provided support for the hypothesis of progressive reduction of glycine synthesis due to amino depletion. In the wild type, NH3 reduced the proportion of label found in amino acids. This was accompanied by a large increase in the proportion of label found in malate. The stimulation of malate labeling by NH3 is unexplained but has been observed in several other organisms under similar conditions (6) . By contrast, in the mutant CS42, the proportion of label which accumulated in amino acids (mainly glycine) was greatly increased in the presence of NH3. We consider this strong evidence that the flow of carbon to glycine was inhibited in the unsupplemented mutant leaves because of amino depletion. Glycine synthesis was not inhibited immediately following the onset of illumination (Table I) because the endogenous amino supply was presumably adequate to permit flow of carbon from glyoxylate to glycine during the time period of that experiment.
The elimination of photorespiration by exogenous NH3 suggested that the general increase of label in the neutral and acid fractions of the untreated mutant and the lack of accumulation of label in photorespiratory organic acids were due to the rapid and quantitative conversion of a glycine precursor, probably glyoxylate, to CO2. Thus, a portion of label which was trapped in glycine in the NH3-treated mutant leaves was lost in the untreated leaves, causing an apparent increase in the proportion of label in other compounds.
Photosynthesis Measurements. The effects of the stm mutation on photosynthesis were similar to those observed in other mutants deficient in photorespiratory pathway enzymes (24) (25) (26) . In atmospheric conditions which prevented oxygenation of RuBP, i.e. high CO2 or low 02, the photosynthetic characteristics of the mutants were indistinguishable from those of the wild-type (results not presented). However, under conditions which promoted photorespiration, photosynthesis was severely impaired. This is apparent by comparing the photosynthetic response of wild-type and mutant (CS64) leaf fragments (Fig. 5) . Following illumination in 357 I-L 1-' CO2, 50%02, balance N2, the photosynthesis rate of the mutant initially approached that of the wild-type but rapidly (20 min) declined to about 7% of the wild-type rate. Similar results were observed with intact plants, and all three mutants showed an identical response. As with other mutants of the photorespiratory pathway (24) (25) (26) , the inhibition of photosynthesis was reversed by a short dark period (Fig. 6 ). The rapidity of recovery indicated that it was not glycine accumulation per se which inhibited photosynthesis inasmuch as the glycine pool remained static during the recovery period (Fig. 1) .
Exogenous NH3 had no significant effect on photosynthesis by the wild-type (Fig. 5B) . In contrast, 10 mm NH3 partially alleviated the 02 inhibition of photosynthesis observed in the stm mutant (Fig. 5A) , so that the rate remained at about 40%o of wild-type rate. This effect may have been simply due to increased net photosynthesis resulting from the NH3 elimination of photorespiratory CO2 release discussed above. This conclusion was supported by the results presented in Figures 4 and 5 . The treated and untreated photosynthesis rates were comparable when the observed rate of photorespiration was subtracted from the net photosynthesis rate of the NH3-treated material. DISCUSSION A distinguishing characteristic of the stm mutants was an almost complete inability to metabolize photorespiratory glycine. The stability of the glycine pool, the reduced labeling of serine, and the absence of photorespiratory CO2 evolution under conditions of adequate NH3 supply indicated that the mutants were defective in both glycine decarboxylation and the glycine to serine conversion. Both of these defects can be attributed to the observed loss of mitochondrial serine transhydroxymethylase activity. In intact mitochondria, this reaction is necessary for the regeneration of THF, the C, acceptor in the glycine decarboxylation reaction (13, 19) . Because the glycine decarboxylase assay requires intact mitochondria and is dependent upon endogenous serine transhydroxymethylase activity, it is not possible to exclude the possibility that this glycine decarboxylase activity was also missing. There is, however, no reason to suppose this at present. The small burst of photorespiratory CO2 observed immediately following illumination of NH3-supplemented leaves of the stm mutant (Fig. 4A) probably represented a burst of glycine decarboxylation in which the endogenous pool of the THF was consumed. The physiological, biochemical, and genetic properties of the mutants are attributable to a single nuclear mutation.
Nuclear control of mitochondrial seine transhydroxymethylase in Arabidopsis is analogous to the case in yeast where a nuclear gene codes for the mitochondrial isozyme of seine transhydroxymethylase. In yeast, however, the loss of mitochondrial seine transhydroxymethylase activity rendered the organism auxo-PHOTORESPIRATION-D trophic for several compounds (methionine, thymine, adenine, histidine) derived from C,-THF. That this was not the case in Arabidopsis is consistent with a large body of evidence that the chloroplast is the major site of amino acid biosynthesis. It seems likely, as previously suggested (23) , that the other isozyme of serine transhydroxymethylase is chloroplastic. The normal growth of the mutants under nonphotorespiratory conditions indicated mitochondrial serine transhydroxymethylase is not required in C3 plants for any function unrelated to photorespiration.
The absence of photorespiration in leaves of the stm mutants supplied with exogenous NH3 indicated that glycine decarboxylation was the sole site of photorespiratory CO2 released under conditions of amino supply which permit the uninterrupted flow of photorespiratory carbon to glycine. The availability of amino donors for glycine synthesis did not appear to be limiting in wildtype leaves, even under elevated 02, because added NH3 had no effect on the rate of CO2 evolution. Under normal physiological conditions, glycine decarboxylation appeared to be the sole site of photorespiratory CO2 release.
It has been suggested (4, 7, 8, 15, 34) that, under some conditions, glyoxylate may be decarboxylated directly by the peroxidatic action of catalase or oxidized to CO2 and formate nonenzymically. Results presented here suggested that this may occur in the stm mutants, but only upon depletion of amino donors for the amination of glyoxylate. First, the existence of NH3-sensitive photorespiration is consistent with this hypothesis. Second, the sharp reduction in flow of label to glycine in leaves of the stm mutants after prolonged exposure to photorespiratory conditions is consistent with diversion of glycolate carbon to another C02-evolving mechanism. The absence of significant accumulation of label in any of the photorespiratory organic acids precluded demonstration of a particular reaction and suggested that, if glyoxylate decarboxylation is the CO2 source, the decarboxylation reaction is very rapid. Further analysis is required to determine the precise mechanism.
The effect of NH3 supplementation on net photosynthetic CO2 fixation by the mutants seems to be adequately explained by NH3 suppression of photorespiratory CO2 release from organic acids. However, inasmuch as NH3 did not completely restore photosynthetic capacity in the mutants, it seems that additional factors are involved in the inhibition. We have previously suggested, in the case of mutants deficient in serine-glyoxylate aminotransferase (25) , that inhibition was due in part to lack of recycling of photorespiratory carbon through the terminal steps of photorespiratory pathway. This explanation may also be applicable to the stm mutants described here.
